. Role of group I metabo-Portions of this work have appeared in abstract form (Merlin tropic glutamate receptors in the patterning of epileptiform activi-and Wong 1996a,b). ties in vitro. J. Neurophysiol. 78: 539-544, 1997. In guinea pig hippocampal slices, picrotoxin elicited spontaneous epileptiform
ties in vitro. J. Neurophysiol. 78: 539-544, 1997 . In guinea pig hippocampal slices, picrotoxin elicited spontaneous epileptiform
M E T H O D S
bursts 300-550 ms in duration. Additional application of (R,S)-3,5-dihydroxyphenylglycine or (S)-3-hydroxyphenylglycine, agoGuinea pigs 2-4 wk of age were anesthetized with halothane nists specific for group I metabotropic glutamate receptors before decapitation. The brain was promptly removed from the ( mGluRs ) , or ( 1 S,3 R ) -1-aminocyclopentane-1,3-dicarboxylic cranium and placed in icy artificial cerebrospinal fluid (ACSF) acid, a broad-spectrum mGluR agonist, converted picrotoxin-in-containing (in mM) 124 NaCl, 5 KCl, 1.6 MgCl 2 , 2 CaCl 2 , 26 duced interictal bursts into prolonged discharges measured on the NaHCO 3 , and 10 D-glucose. A Vibratome (Technical Products order of seconds. The prolonged discharges induced by selective International) was used to prepare 400-mm transverse hippocampal group I mGluR agonist continued to be produced for hours after slices, which were placed on nylon mesh in an interface chamber agonist removal. The antagonists (S)-4-carboxyphenylglycine and maintained at 35.5ЊC and perfused with ACSF bubbled with 95% (/)-a-methyl-4-carboxyphenylglycine had no effect on the dura-O 2 -5% CO 2 at pH 7.4. Perfusion rate and dead space accounted tion of picrotoxin-induced interictal bursts. However, after agonist for a 10-to 20-min lag between onset of drug application and exposure, the persistent prolonged discharges occurring in the ab-initial onset of effect. sence of agonist were reversibly suppressed by the antagonists, Intracellular recordings were obtained from the CA3 stratum suggesting that the activity is maintained via endogenous activation pyramidale with the use of thin-walled glass microelectrodes conof group I mGluRs by synaptically released glutamate. Our results taining 2 M potassium acetate (25-75 MV tip resistance). suggest that, under some conditions, activation of group I mGluRs Recordings were amplified and digitized (Axoclamp 2A and produces long-lasting enhancement of synaptic responses, medi-TL1/Labmaster DMA Interface, Axon Instruments). Drug effects ated at least in part by autopotentiation of the group I mGluR were elicited via bath perfusion. Picrotoxin (50 mM) was present response itself, which may result in the production of seizure dis-in all experiments to elicit baseline epileptiform activity. Picrotoxin charges and contribute to epileptogenesis.
was obtained from Sigma; mGluR agonists and antagonists were purchased from Tocris Cookson. To study drug effects across slices, percent change in mean burst
duration was determined for each slice; Student's t-test was used to determine statistical significance. Percent change is reported in the text as mean { SD.
Electrographic recordings show that the epileptic phenomenon is associated with two types of synchronized discharges R E S U L T S of cortical neurons: the brief interictal spikes or sharp waves (õ500 ms in duration with no perceptible behavioral corre-Effect of mGluR agonists on picrotoxin-induced late) and the prolonged ictal discharges underlying seizures epileptiform discharges (measured on the order of s to min) (Zifkin and Cracco 1990). The role of ionotropic glutamate receptor activation Hippocampal neurons in the slice preparation exhibit in the generation of such activities has been extensively spontaneous synchronized bursting activity in the presence studied in vitro (Anderson et al. 1990 ; Dingledine et al. of picrotoxin, a g-aminobutyric acid-A receptor antagonist 1986; Miles et al. 1984; Traub and Wong 1982; Traub et (Schwartzkroin and Prince 1978) . These synchronized al. 1996), but we are only beginning to recognize the impor-bursts rarely exceed 500 ms in duration and thus resemble tance of the metabotropic glutamate receptors (mGluRs) in interictal discharges. Figure 1 (control) shows one such syndetermining the overall patterning of synchronized epilepti-chronized burst, which typically consisted of an initial abrupt form discharges (Arvanov et al. 1995;  Burke and Hablitz discharge 100-200 ms in duration (primary burst) followed 1995; McBain et al. 1994; Merlin et al. 1995 ; Taschenberger by a series of briefer phasic discharges (secondary bursts). et al. 1992) . We have previously demonstrated that activa-Addition of the broad-spectrum mGluR agonist (1S,3R)-1-tion of group II mGluRs rapidly and reversibly elicits an aminocyclopentane-1,3-dicarboxylic acid (ACPD, 50-100 increase in epileptiform burst frequency when the agonist mM) (Schoepp et al. 1991; Watkins and Collingridge 1994) is applied in the presence of ongoing picrotoxin-induced or the selective group I mGluR agonists ( R,S)-3,5-dihyepileptiform activity in guinea pig hippocampal slices (Mer-droxyphenylglycine (DHPG, 50-100 mM) (Ito et al. 1992 (Ito et al. ) lin et al. 1995 . With the use of this same model, we now or (S)-3-hydroxyphenylglycine (3HPG, 250-500 mM) (Birse et al. 1993; Hayashi et al. 1994 ) significantly proexamine the effects of selective group I mGluR activation.
FIG . 1. Prolongation of epileptiform discharges induced by group I metabotropic glutamate receptor (mGluR) activation.
A: summary graph demonstrating mean duration of synchronized bursts elicited by picrotoxin (control) and maximum duration of prolonged bursts during application of the selective group I mGluR agonist ( S)-3-hydroxyphenylglycine (3HPG, 250-500 mM, n Å 7 slices). Error bars in all figures: mean { SE. B: intracellular recording from a CA3 pyramidal cell in a hippocampal slice before and during exposure to 250 mM 3HPG. Similar activity could be elicited with either ( R,S)-3,5-dihydroxyphenylglycine (DHPG) or (1 S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (ACPD; 50-100 mM each).
longed the synchronized burst duration, primarily via a I and group II mGluRs, we examined whether the simultaneous activation of group I and II receptors would suppress marked increase in the number of secondary bursts (Fig. 1 ). These prolonged discharges ranged from 1 to 7 s in duration persistent burst prolongation. In three experiments, selective group I agonist was applied in the presence of 5-10 mM (ACPD: 2,224 { 674 ms, mean { SD, a 508 { 157% increase over control, n Å 6; DHPG: 2,156 { 617 ms, a ACPD, which selectively activates group II mGluRs (Cartmell et al. 1993) . The prolonged bursts induced by the mix-403 { 199% increase, n Å 7; 3HPG: 4,282 { 1,060 ms, a 1,021 { 247% increase, n Å 7), and the secondary bursts ture were no less persistent than those elicited by group I agonist alone (79 { 9% of peak prolongation remaining within each discharge gradually changed in amplitude and frequency (Taylor et al. 1995) ; the prolonged discharges after 1 h of washout). These results suggest that the reversibility of ACPD-induced effects cannot be accounted for by thus appeared analogous to electrographic ictal events (Zifkin and Cracco 1990) .
the simultaneous activation of group I and group II receptors. At present, our data do not reveal the reason for the difference in the effects of ACPD and specific group I agonists.
Selective group I mGluR agonists: comparison with ACPD
It may be the result of additional activities of the agents at effect as yet unidentified receptors (Chung et al. 1994 ; PellegriniThe prolonged synchronized discharges elicited with Giampietro et al. 1996) . ACPD or the selective group I agonists appeared promptly on exposure to the agonist, but continued to develop in a Effects of group I mGluR antagonists slowly progressive manner, requiring up to 2 h before reaching maximum ( Fig. 2A) . However, the actions of group I (/)-a-Methyl-4-carboxyphenylglycine (MCPG) and (S)-4-carboxyphenylglycine (4CPG) both have antagonist agonists and ACPD differed significantly in one way. Although the ACPD-induced prolonged bursts rapidly returned action at group I mGluRs (Hayashi et al. 1994) . Neither MCPG (500-1000 mM) (see Merlin et al. 1995 ) nor 4CPG to control duration within 1 h after exposure, 1 h of washout of either group I agonist only reduced the burst prolongation (400-600 mM, n Å 6) had any effect on the duration of picrotoxin-induced interictal bursts. However, either agent by 20% and 35% for DHPG (n Å 6) and 3HPG (n Å 5), respectively (Fig. 2) . Because ACPD activates both group could suppress the induction of burst prolongation mediated bursts recorded from a single CA3 pyramidal cell; gaps in graphs are due to intermittent sampling. A1: exposure to 500 mM 3HPG. Note slowly progressive development (100-120 min to peak); also note significant persistence of effect 3 h after removal of agonist. A2: ACPD (50 mM) had a similar time course to peak effect, but the effect rapidly returned to control duration post exposure. Time course of DHPG washout resembled that of 3HPG, not ACPD. B: summary data for postexposure persistence of potentiation, normalized relative to peak potentiated component [(BD 0 control BD) 1 100/(peak 0 control BD)]. For ACPD, n Å 4; for DHPG, n Å 6 at 0.5-2 h, n Å 3 at 3 and 4 h. 3HPG effect was tested to 3 h after exposure (n Å 5); there was no significant difference between the persistence of the effect of 3HPG and that of DHPG ( P ú 0.05).
by group I mGluR agonists. As shown in Fig. 3A , transient burst frequency without affecting burst duration (Merlin et al. 1995) , whereas at higher concentrations it prolongs the (35 min) application of 50 mM DHPG in the presence of antagonist had no effect on burst duration. On 35 min of epileptiform burst duration (Taylor et al. 1995 ). Here we demonstrate that selective group I mGluR agonists also proreexposure in the absence of antagonist, persistent burst prolongation appeared.
long the burst duration, and that group I mGluR antagonists prevent the induction of this effect. Thus, although group Additional experiments revealed that prolonged bursts persisting after agonist washout were reversibly suppressed II mGluR activation appears to modulate the frequency of interictal burst activity (Merlin et al. 1995) , group I mGluR by group I mGluR antagonists (Fig. 3B ). This suppressive effect sometimes initially manifested itself by disrupting the activation may play a role in converting brief interictal discharges into more prolonged ictal events. rhythmic patterning of the secondary bursts, fractionating the secondary bursts into clusters and resulting in a transient increase in overall discharge duration (Fig. 3B1, inset) . This Group I agonist effects are long lasting would be immediately followed by the rapidly progressive, reversible suppression of the secondary bursts that reduced
The persistent burst prolongation elicited by selective the overall burst duration to near that of control.
group I mGluR agonists (Fig. 2) suggests that a long-term modification has been induced; however, slow clearance of D I S C U S S I O N an agent from the tissue during washout could result in the apparent persistence of its effects. For example, the agent Group I mGluR activation prolongs epileptiform discharge may have a high lipid solubility and be absorbed into the duration cell membrane during exposure, then slowly rereleased into the extracellular solution during washout (Furchgott 1964) . We have previously demonstrated in hippocampal slices that, at low concentrations, ACPD increases epileptiform Figure 3A demonstrates that this mechanism is unlikely to 3. Group I antagonists suppress persistent bursts. A1: application of 50 mM DHPG in the presence of 600 mM (S)-4-carboxyphenylglycine (4CPG) failed to elicit any significant effect on burst duration. Failure of agonist effect during washout of antagonist reveals that agonist is not lingering in tissue to account for slow decay of potentiation seen in Fig. 2 . A2: summary data, n Å 3 slices. DHPG (50 mM) and 4CPG (400-600 mM) applied as shown in A1. Percent change in burst duration was measured relative to mean burst duration during 5 min immediately preceding initial drug application. DHPG/4CPG: mean burst duration during final 5 min of 1st DHPG application. Wash is measured during the final 5 min before second DHPG application. DHPG: peak effect measured at the end of the final DHPG application. Asterisk: statistically significant change from control (P õ 0.05). B1: example of DHPG-induced postexposure potentiation as revealed via continuous recording from a CA3 pyramidal cell. DHPG, 100 mM; 4CPG, 400 mM. 4CPG initially fractionated (see inset), then markedly suppressed potentiated bursts. Washout of antagonist resulted in a prompt restoration of prolonged bursts, indicating that bursts are generated by synaptically released glutamate acting at group I mGluRs. Traces 1-4 correspond to circled numbers on graph. B2: summary data, n Å 3 slices. Percent change in burst duration was measured relative to mean burst duration preceding agonist application. Post exposure: burst duration was measured 1 h after washout of agonist. Wash was measured at 1 h after washout of antagonist (3-4 h after agonist removal). Application of antagonist significantly attenuated prolonged bursts (P õ 0.05). After antagonist washout, burst prolongation reappeared to a level that was no longer significantly different from postexposure level (P ú 0.05); it was, however, significantly different from abbreviated bursts during antagonist application (P õ 0.05).
account for the persistence of effect seen here. In this series ing in the tissue, this process should proceed uninhibited.
Available data also suggest that the antagonist action is of experiments, group I mGluR agonist and antagonist were coapplied. No burst prolongation was observed, suggesting readily reversible (see for example Fig. 3B ). Therefore, if indeed agonist were accumulating or lingering in the system, that the antagonist blocked the receptor-mediated effects of the agonist. Antagonist, however, would not be expected one would expect the agonist effect (i.e., burst prolongation) to emerge on removal of the antagonist during washout of to affect processes such as absorption of agents into cell membranes; thus, if group I mGluR agonist were accumulat-both agonist and antagonist. However, the data revealed no J1008-6RC / 9k16$$jy04 08-05-97 13:48:27 neupa LP-Neurophys campal slice in Mg-free and physiological medium. Brain Res. 532: 288-significant change in burst duration in the 2-h period follow- 298, 1990. ing simultaneous exposure to both agonist and antagonist ANIKSZTEJN, L., OTANI, S., AND BEN-ARI, Y. Quisqualate metabotropic (Fig. 3A) . These results suggest that the persistent burst receptors modulate NMDA currents and facilitate induction of long-term prolongation cannot be easily explained by slow clearance potentiation through protein kinase C. Eur. J. Neurosci. 4: 500-505, 1992. of the agonist during washout. (Fig. 3 B) show that the suppression boxylic acid (ACPD) in rat hippocampal slices. Neuropharmacology 34:
of prolonged bursts by 4CPG occurred at a significantly 1003-1014, 1995. faster rate than the decay of the potentiated response during BURKE, J. P. AND HABLITZ, J. J. Modulation of epileptiform activity by washout. Moreover, we observed a recovery of the potentimetabotropic glutamate receptors in immature rat neocortex. J. Neuroated response on washout of the antagonist (Fig. 3B) group I mGluR-mediated responses sustain the prolonged J. Physiol. Lond. 380: 175-189, 1986 . FURCHGOTT, R. F. Receptor mechanisms. Annu. bursts. Because the only source of agonist available is the
